This paper reports a novel micromachined tunable capacitor with an electrically floating movable plate. The device has been fabricated from a single metal layer based on a low-cost standard process. Tunable capacitors with electrically floating and non-floating plates have been characterized and compared with each other by using the same fabricated device with different configurations. The floating tunable capacitor exhibits a higher quality factor (Q-factor) compared to non-floating capacitor by eliminating the spring's resistance loss in radio frequency (RF) signal path. The device is actuated by an electro-thermal actuator to achieve high capacitance tuning range without the pull-in effect issue existed in parallel-plate electrostatic actuators. Experimental results show that the tunable capacitor has a wide capacitance tuning range of 631% with a low actuation voltage of 0.72 V. The floating tunable capacitor has a Q-factor at 1 GHz of 24.4, which is 5.5 times higher than that of non-floating traditional tunable capacitor fabricated on the same chip.
Introduction
Radio frequency MEMS (RF MEMS) provides attractive capabilities in switching and tuning systems compared to conventional varactor diodes in applications such as tunable filters, oscillators and phase shifters. The most important parameters for those devices are Q-factor and tuning range [1] [2] [3] . Conventional MOS capacitors and varactor diodes have been used for tuning the channel bandwidth. However, these devices have limited frequency tuning range and high phase noise due to their non-linearity errors. For example, the phase noise of an oscillator is directly proportional to 1/Q 2 , where Q is the quality factor of the oscillator [4] . Therefore, high Q-factor is desired to reduce phase noise. Compared with semiconductor varactors, MEMS tunable capacitors can provide higher quality factor, wider tuning range, higher linearity and lower loss in a small foot print [5, 6] .
In traditional MEMS tunable capacitors [2, 6, 7] , to achieve high tuning range, the suspension beams have to be narrow, long and soft for low voltage or current actuation requirements. However, soft beams contribute significant resistance loss for RF signal [8] . Therefore, there is a trade-off between the actuation voltage/current and Q-factor if the RF signal is passing through the suspension beams. To improve the quality factor, a new type of tunable capacitor with electrically floating plate has been introduced [9, 10] . The Q-factor has been improved by eliminating the RF signal in suspension beams. However, the design has low tuning ratio (41%) due to pull-in effect in parallel plate electrostatic actuator [10, 11] . In order to reduce the fabrication complexity, a floating tunable capacitor with a single structure layer and in-plane movement was reported by our group [9] , where the Q-factor was derived based on theoretical calculation.
In this paper, a single-layer micromachined tunable capacitor with an electrically floating plate is introduced and fabricated in a low-cost Metal-MUMPs TM process. For a fair comparison purpose, floating and non-floating capacitors are characterized and compared using the same fabricated device with different configurations. With no resistance loss in the suspension beams, a higher Q-factor of 24.4 at 1 GHz has been achieved in floating capacitor. Unlike parallel plate electrostatic actuator, which has the pull-in effect, electro-thermal actuator can provide large displacement and strong force at low driving voltage [12, 13] , therefore a high capacitance tuning range of 631% has been obtained.
Device design
To eliminate spring's resistance loss in radio frequency (RF) signal path, electrically floating plate tunable capacitor concept is adopted in this paper. Figure 1 illustrates the conceptual schematic view of the tunable capacitor with an electrically floating plate. The gap between the fixed plates A/B and movable plate C can be adjusted by moving the floating plate C through the Chevron-shaped thermal actuator. The RF signal flows from plate A through floating plate C (not grounded) to plate B as shown in figure 1 . As RF signal does not go through the suspension beam, resistance loss in traditional tunable capacitors can be eliminated. Due to the pull-in effect in parallel plate actuator, limited capacitance tuning range of 50% was obtained [14] . Lateral comb drive can achieve a controllable displacement actuation without pull-in effect. However, it requires high voltage for large capacitance tuning range [9, 15] . Electro-thermal actuator can produce large forces and rectilinear displacement caused by Joule's heating effect with low voltage [13, 16] . Therefore, electro-thermal actuation can be selected for changing the gap between capacitor plates for the applications where low-voltage actuation is required. As illustrated in figure 2 , the Chevron-shaped actuator beams have an initial angle of 1.05º and are made of nickel material.
The proposed tunable capacitor consists of transverse comb structures, including fixed and movable comb fingers. Movable comb fingers are mechanically supported by folded suspension beams and electro-thermal actuators as shown in figure 2 . A 700 nm silicon nitride (Si 3 N 4 ) layer mechanically connects and electrically isolates the movable comb fingers and electro-thermal actuator. As dc and ac signal paths are isolated, there is no need for bias tees or electronic circuitry to separate the two signals. The detailed structure parameters and values of the tunable capacitor are listed in table 1. The tuning range of capacitor is defined as the ratio of maximum capacitance change to the minimum capacitance, as given below:
where C max is the maximum capacitance and C min is the minimum capacitance. It is noted from the above equation that in order to increase the tuning range the change in capacitance should be as large as possible, which can be done by changing the gap between capacitor fingers as much as possible.
The second important parameter is the Q-factor, which is defined as the ratio of energy stored in the device to the energy dissipated in a full cycle. The capacitance C and quality factor Q of a capacitor can be obtained from the following equations:
where Z is the impedance of capacitor and R s is the series resistance of capacitor. The impedance of capacitor can be obtained from Scattering parameters (S-parameters) [17] :
where S 21 is the forward voltage gain of tunable capacitor and Z o is the characteristic impedance. Equation (3) implicates that the Q-factor of capacitor is inversely proportional to the series resistance of the capacitor. Therefore, the series resistance has to be reduced to increase the Q-factor. To minimize the series resistance in the RF signal path, the RF signal flows from point A to point B through floating plate, without passing through the narrow and long suspension beams, as shown by an arrow in figure 2(a) . For a fair comparison purpose, figure 2(b) mimics the conventional tunable capacitor configuration by using the same device with different connections. In this configuration, RF signal flows from point A through the narrow and long suspension beams to point C, as indicated by the arrows in figure 2(b) . It is noted that by using this electrically floating plate technique, the series resistance is greatly reduced, which is validated by the experimental results given in the section of experimental results and discussions.
Fabrication process
The design was fabricated in a Metal-MUMPs TM standard process, which is a commercially available lowcost MEMS process [18] . The actuator and capacitor are made by nickel material, which has good electrical, mechanical and thermal properties as listed in table 2. Nickel has low electrical resistivity, thus lower resistance loss associated with capacitor combs can be achieved compared to the silicon-based capacitor in [9] . Also, nickel actuators are more energy efficient that silicon actuators because the coefficient of thermal expansion (CTE) of nickel is 5.7 times larger than that of silicon [19] . Figure 3 illustrates the cross-sectional view of the tunable capacitor structure. To reduce the eddy current loss in the substrate at high frequencies, the device is made on a high electrical resistivity (>4,000 ohm·cm) N-type (100) silicon substrate with a 25 µm air trench. The tunable capacitor and thermal actuator are made of 20 µm nickel layer by electroplating process. The mechanical connection and electrical isolation between tunable capacitor and electro-thermal actuator are achieved by a 700 nm silicon nitride (Si 3 N 4 ) layer. As the isolation layer is much thinner than the nickel structure layer, the silicon nitride layer may bend during actuation. Therefore, a U-shaped isolation structure is adopted to increase the strength of the isolator, as illustrated in the inset of figure 4 . The SEM images of the final fabricated device are shown in figure 4 . 
Experimental results and discussions
The experimental setup to test the characteristics of tunable capacitor consists of Cascade Micro-tech probe station, Rohde & Schwarz ZVL vector network analyzer, high frequency (HF) ground-signal-ground (GSG) probes, 40 GHz high frequency connecting cables, dc cables and dc power supply. The photographs of apparatus setup and probe connections are shown in figure 5 . To tune the capacitance, the gap between fixed and movable capacitor combs changes by applying dc currents through the Chevron-shaped electro-thermal actuator using two dc probes, as illustrated on the left in figure 5 (b) . The displacements of the actuation can be observed by on-chip displacement markers from 0 to 5 µm with 1 µm increments. As shown in figure 6 , the actuator moves from 0 to 5 µm with the applied current from 0 to 0.55 A. Correspondingly, the capacitor gap changes from initial 6 µm to 1 µm. Therefore, large capacitance change is expected because the capacitance is inversely proportional to the gap between capacitor plates. It is noticed that the actuation voltage is 0.72 V with 0.55 A current, therefore a power consumption of 0.396 Watt is required to achieve 5 µm displacement. Thus, the device is suitable for low actuation voltage applications where power consumption is of less importance compared to voltage. No plastic deformation in the actuation structures was observed under the actuation current of 0.55 A, indicating that the actuator's temperature is lower than the plastic deformation temperature of nickel material (350 ºC). In order to characterize high frequency parameters such as capacitance, impedance and Q-factor of the tunable capacitor, S-parameters need to be measured through the vector network analyzer connected with ground-signal-ground (GSG) probes, as shown on the right in figure 5 (b) . The errors and parasitic in cables and probes were initially characterized and removed by open, short, load and through calibration using Agilent's on-wafer calibration tool of impedance standard substrate (ISS). The parasitic capacitance of the on-chip pads were de-embedded through the procedures given by [20] . After removed all errors and parasitics, the S21 parameter of the tunable capacitor was measured and recorded from 10 MHz to 2 GHz. Then, the capacitance, Q-factor and impedance of tunable capacitor can be calculated by using equations (2), (3) and (4).
For a fair comparison between the floating design and the conventional (non-floating) design, the same device was characterized with two different probe arrangements: floating configuration (figure 2a) and nonfloating configuration ( figure. 2b) . In both configurations, the first GSG probe was connected to the fixed plate at point A. The second GSG probe was connected to the fixed plate at point B in the floating configuration, and connected to the anchor pad at point C in the non-floating configuration. The tunable capacitor is tuned by actuating the Chevron-shaped actuator and changing the gap between fixed and movable comb fingers. The S-parameters at different displacement positions were measured using vector network analyzer. Figure 7 shows the capacitance versus displacement relationship of the floating and non-floating tunable capacitors. By applying electrical current through the electro-thermal actuator, the gap between capacitor fingers changes from the initial 6 µm to 1 µm. Consequently, the capacitance measured at 10 MHz increased from 0.98 pF to 7.16 pF, which is corresponding to a tuning range of 631% based on the equation (1) . The capacitance and tuning range can be increased further if needed by increasing the actuation current to achieve less than 1 µm gap. It is noted that the capacitance of electrically floating tunable capacitor is half of the capacitance of non-floating capacitor as implicated in figure 7 . This can be explained by using the electronic circuit diagram in figure 8 . Two identical capacitors C AC and C CB are connected in series in floating capacitor configuration, whereas only one capacitor C AC exists in the nonfloating capacitor configuration. Therefore, The measured Q-factors of floating and non-floating tunable capacitors are shown in figure 9 . The Qfactor of floating plate tunable capacitor is initially more than 200 at 100 MHz and decreases to 24.4 at 1 GHz, whereas the Q-factor of non-floating traditional tunable capacitor is 18 at 100 MHz and reduces to 4.4 at 1 GHz. The higher measured Q-factor in floating capacitor is due to the spring's resistance loss being eliminated in the RF signal path. 
Conclusion
A novel single-layer micromachined tunable capacitor with an electrically floating plate has been proposed and fabricated in a low-cost Metal-MUMPs TM standard process. We have experimentally demonstrated that the Q-factor of electrically floating tunable capacitor was 5.5 times higher than that of the non-floating tunable capacitor at 1 GHz. This improvement was achieved thanks to the elimination of resistance loss in suspension beams of non-floating tunable capacitors. The capacitors were tuned in-plane by electro-thermal actuator without pull-in effect, therefore the capacitance tuning range as high as 631% has been achieved. The tunable capacitor can be applied in low-loss RF applications, such as VCOs, filters and phase shifters.
